1 4 1 5
The sediments' types in the 4 sites of the Sado estuary sampled for the natural macrobenthic communities (NMC) varied considerably in their features, ranging from sandy to muddy sediments 1 0 8
( Table 2) . The sediment at the NMC1 and NMC3 sites had respectively the lowest and highest TOM 1 0 9 content among the four sediments analyzed. Sediments of the NMC2 and NMC3 also had high organic 1 1 0 matter content (1.30% and 2.05%, respectively), however, NMC2 had lower FF because was probably 1 1 1 identified to the species level, four phyla were detected in all NMC (Annelida, Arthropoda, 1 2 0 Echinodermata and Mollusca), but this number increased to five (plus Nemertea) if we consider 1 2 1 specimens identified to a higher taxonomic level. All communities showed a diverse taxonomic 1 2 2 composition, comprising between 3 and 5 phyla, except NMC1, which was only composed of 1 2 3 polychaetes and mollusks ( Supplementary Fig. S1A, B) . Globally, 55 taxa were identified in the natural 1 2 4
communities, 27 of which were identified to species level and the remaining 28 to higher taxonomic 1 2 5 ranks.
1 2 6
Metabarcoding-based identification generated a total of 61 species matches in all 4 natural 1 2 7
communities, obtained through searches against both GenBank public database and our own reference 1 2 8 library (dx.doi.org/10.5883/DS-3150). The 61 species were distributed among six phyla, the same 5 1 2 9
reported above from the morphological identification, plus Bryozoa. The variation of the species 1 3 0 richness among sites displayed a similar pattern in morphology or metabarcoding-based assessments 1 3 1 (NMC2 < NMC1 < NMC3 = NMC4 for morphological identifications and NMC1 < NMC2 < NMC3 = 1 3 2 NMC4 for metabarcoding) but the number of species recorded was more than twice using the latter 1 3 3 method ( Supplementary Fig. S1C ). NMC1 was also the less taxonomically diverse together with 1 3 4 NMC2, represented only by three phyla. Forty-three of the 61 species were detected by any of the sample of all NMC and primer pair is available as Supplementary Table S1 .
Comparison between morphological and metabarcoding species-level identifications in the 4 1 3 9
natural macrobenthic communities resulted in only 23% (range 20-28%) of the species detected 1 4 0 simultaneously by the 2 approaches (Fig. 2 ). In average, as much as 65% of the species were detected The detailed list of species identified in each site by the two approaches is available as Supplementary 1 5 0 metabarcoding-based identifications and also the combination of two approaches. Three maps show a 1 5 5 similar pattern, NMC1 and NMC2 in the left part of the map and NMC3 and NMC4 in the right side. The combination of the two identification approaches approximates even more the NMC1 and NMC2. The results obtained using AMBI also showed a similar pattern between the morphological 1 5 8
identification, HTS and combination of both approaches, all calculated using only absence-presence of 1 5 9
species. On the other hand, the original AMBI index also showed similar results with the AMBI index 1 6 0
using absence-presence of species for the morphology-based identifications. The four NMC were 1 6 1 classified as slightly disturbed probably because the majority of the species obtained in each natural 1 6 2 community through the three approaches was similar. Although NMC1 was the community closer to 1 6 3 the EG-III (moderately disturbed) and NMC2 and NMC3 the less disturbed (see Fig. 4 ). The combination of samples representing assembled communities and field collected bulk samples 1 6 8
demonstrates the potential for implementing COI metabarcoding in the monitoring of estuarine showed that high success rates in species detection are attainable using COI amplicons and employing 1 7 1 only two primer pairs. In the field tests, COI metabarcoding generated concordant results with 1 7 2 morphology based assessments, and detected a higher number of species in all stations and samples. Finally, the metabarcoding approach was sensitive and able to reflect differences in the species In spite of the differences in the proportion of specimens per species, relatively high success rates in species detection were attained in all of the assembled communities (78% to 83%). AMC2,
composed of the highest number of species (36), each represented by a single specimen, constituted an extreme test for the robustness of the metabarcoding approach, particularly for the effectiveness of the 1 7 9
bulk DNA extraction and amplification procedures. In this community, no sequences were generated 1 8 0 only for two species (Corophium sp. 3 and Scolelepis sp.) with any of the 4 primer pairs tested. primers 25 ), and that the isopod C. carinata was recovered in the natural communities, excludes the 1 8 8 possibility of amplification inhibition in these species. A possible explanation is that these species have 1 8 9
a low affinity to the tested primer pair and may be outcompeted by higher affinity DNA templates from 1 9 0 other species present in the PCR reaction. This is an important issue when considering primer match 1 9 1
for metabarcoding studies and demonstrates the need for primer evaluation using assembled mixtures (Abra alba and Scolelepis (Scolelepis) foliosa) in AMC1 where they were not included, but not in 1 9 4 AMC2 and AMC3, where they present. Because the organisms were processed in the same collection 1 9 5 event, some tissue or body fragment may have been accidentally transported together with other 1 9 6 specimens, or they may have even been preyed upon by some of the predator species (e.g. Hediste 1 9 7 diversicolor) present in AMC1.
9 8
Mismatches between primers and target templates are a key concern in PCR-based 1 9 9 metabarcoding, since it can lead to some level of systematic failure in species detection 28 . Because in 2 0 0 silico analyses reveal high variability in the actual and potential primer annealing regions within the 2 0 1 COI barcode, this marker has been dismissed as appropriate for metabarcoding 29 . Alternative markers, 2 0 2 such as the nuclear gene coding for 18s rRNA, with lower variability in priming sites, have been used 2 0 3 and proposed for metabarcoding marine macroinvertebrates 22,30 , but the species level resolution is 2 0 4 substantially lower than using COI 19, 22, 26 . Additionally, 18s rRNA primers are not free of PCR-bias. When compared side by side in a field test of metabarcoding invertebrates of seagrass meadows 22 , both 2 0 6 markers showed taxonomic bias, with the 18s rRNA recovering a higher number of species (compared 2 0 7
to full length COI barcodes (658 bp)) but amplifying preferentially meiofaunal groups such as 2 0 8
nematods. Since species level identification is essential for applying macrobenthic invertebrate indices 2 0 9 (e.g. AMBI 14 ), and reference libraries for marine invertebrates are available and continuously growing, 2 1 0 the standard barcode marker for metazoans is the natural candidate for metabarcoding 2 1 1 macroinvertebrate communities. Several studies 31 have shown that shortcomings of PCR bias may be success compared to what has been found using individual specimen sanger sequencing 31,32,33 .
1 5
Despite no major differences were observed in species detection success rates among the three 2 1 6 different assembled communities, there were considerable differences among the 4 primer pairs. The 2 1 7 primer pair A, amplifying 658 bp, was the least successful one; hence we conclude that smaller length 2 1 8 sizes appear to be more efficient for metabarcoding. Short fragments of COI barcode (mini-barcodes), 2 1 9 even of 150 bp, can achieve unambiguous species-level identifications, as it was observed for a 2 2 0 diversity of taxonomic assemblages in previous studies 32, 33, 34, 35 . A much better success rate was 2 2 1 obtained with primer pairs B and D compared to A and C. The two former primers combinations were 2 2 2 here tested for the first time, and proved effective in the amplification of more target species from three 2 2 3 phyla than the remaining two primers. There was also no indication of a major taxonomic bias in these 2 2 4 primers, as they were able to amplify targets from any of the three phyla. This indicates that, despite 2 2 5
the large phylogenetic diversity of estuarine communities, a combined approach of degenerate primer 2 2 6 design and multiple amplification primers can minimize substantially primer-template mismatch issues. No relationship was found in this study between the number of specimens and the number of represented by 1 specimen in the AMC1 and 3 specimens in the AMC3, produced 4601 and 3161 reads reported in numerous studies 39 . We have found many fragments of organisms, namely of annelids, as a 2 5 0 result of sieving and handling process and therefore many species could not have been identified using ecosystems, both regarding the species richness and species-specific composition (e.g. Tagus 2 5 8 estuary 41 ). Kuntze, 1898 and Scytosiphon lomentaria (Lyngbye) Link, 1833 (see Supplementary Table S2 ). Although the algae were not a targeted taxonomic group, this illustrates that studies with different 2 7 6 scopes are possible, even when using the primer pairs applied in this work. As presented in Fig. 4 , the four natural communities presented each their own species works, together with a strong hydrodynamics, can affect and promote sudden changes in macrobenthic 2 8 8 communities in the Sado estuary 47,48 and may help to explain these results. However, the key finding is 2 8 9 that either morphological or metabarcoding approaches produced similar global outcomes (AMBI 2 9 0 classifications and species richness ranks), and metabarcoding consistently outperformed morphology 2 9 1 in the ability to detect a higher number of species and to provide species level identifications, despite 1 1 and susceptible to scrutiny in the future. The ability to provide data on parasite occurrence, for 3 0 0 example, and to enable early detection of alien species, or to discriminate cryptic species, constitute 3 0 1 highly relevant additional benefits of this approach. Nevertheless, further refinement is still required, to 3 0 2 improve its overall efficiency and output, namely the improvement of the recovery rates through the 3 0 3 refinement of primers and testing of alternative combinations, especially for the recalcitrant species.
3 0 4
Given that the direct measurement of species abundance is still not attainable, further studies are 3 0 5 required to generate large datasets, which will allow extensive comparison of the performance of incipient reference libraries of DNA barcodes for marine invertebrates will be decisive to fully 3 0 8 materialize the potential of metabarcoding. The areas sampled in the Sado estuary do not have any protection status and therefore do not require This study was designed in two main sequential phases. The first phase focused on analysis of the second phase. A schematic overview is presented in Fig. 5 . In the second phase, morphology-based taxonomic identification of the species composition in anthropogenic impact (Fig. 6) . In each site, half of the replicate samples were used for conventional 3 3 1 morphology-based identification while the remaining half was used for metabarcoding community 3 3 2
analyses. Because data generated through metabarcoding does not provide a direct measure of 3 3 3 specimen abundance, we used a biotic index based solely on the presence and absence of species to 3 3 4 compare morphology and metabarcoding approaches. To enable species-level DNA based identifications from the NMC, a reference library of DNA barcodes generated for the specimens used in the AMC study. in 3 groups in order to originate the following assembled macrobenthic communities: AMC1 was 3 5 8
composed by 9 morphospecies of 9 specimens (one of each) (5 annelids, 3 crustaceans and 1 mollusk), Natural communities were sampled in four sites (NMC1, NMC2, NMC3 and NMC4) of the Sado 3 6 6 estuary, west coast of Portugal (Fig. 6B) soft bottom habitats and environmental impacts provides an appropriate test case for this study. NMC1 Reserve", and are generally less exposed to direct contamination sources of anthropogenic origin, and pulp mill, a thermoelectric power plant, shipyards, etc. 56 . As opposed to NMC1 And NMC2, these 3 7 7
sites have a lower hydrodynamism, therefore facilitating the retention of contaminants and sediment's hydrogen peroxide and disaggregation with pyrophosphate. to manufacturer's protocols. COI was amplified using the primers LoboF1 and LoboR1 (see Table 3 ) 25 . extension at 72 °C for 5 min. PCR products were sequenced bidirectionally using an ABI 3730XL 1 5
After tissue subsampling from individuals for building Sanger based barcoding library, the 4 2 0 rest of the specimens were then grouped in three AMC as described above (Table 1) to manufacturer's instructions. Four primer pairs (A, B, C and D) were used for independent 4 2 5 amplification of either multiple fragments of CO1 barcoding region, ranging from 310 bp to 658 bp 4 2 6 (see Table 3 ). PCR thermal cycling conditions for each primer pair are also presented in Table 3 .
The generated amplicons from each assembled community were purified using Qiagen The Illumina generated reads from all COI fragments were merged with SEQPREP software DNA extraction, amplification, and HTS of each natural community was carried out as described above achieved were sufficient to obtain the maximum species recovery rates observed (see below). Amplicons obtained for each of the five samples per site were tagged separately and submitted to HTS Non-metric multidimensional scaling (nMDS) was conducted, using PAST version 3.07 63 , to 4 6 8
show the spatial distribution of the four NMC. Bray-Curtis's similarity index for absence-presence of 4 6 9 species was used in order to compare morphological identification and HTS data, avoiding affecting 4 7 0 the number of null values between samples.
7 1
Azti's Marine Biotic Index (AMBI) 14 is a widely used biotic index to assess the quality of 4 7 2 benthic macroinvertebrate communities considering five ecological groups (EG) to which the benthic 1 7
obtained are somewhat similar using either p/a AMBI or the original AMBI, meaning that species 4 8 0 relative abundance does not appear to greatly affect the outcome of the benthic assessments using this 4 8 1 biotic index 26 . Since in our study species abundances were only available from the morphological 4 8 2 inventories, we applied AMBI to the data from the morphology-based identification, metabarcoding 
